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7Introduction
The studies of dopant diffusion and electrical activation processes
are of primary importance for the evolution of semiconductor de-
vices.[1] In this regard, spreading resistance proﬁling (SRP) analysis
is very important because it allows determining from resistivity
measurements the carrier concentration proﬁle, i.e. the concen-
tration proﬁle of substitutional dopant atoms.[2] Unfortunately,
in the sample preparation, SRP requires a beveling procedure that
makes this technique complex and, above all, destructive.
Micro-Raman spectroscopy is widely used in the study of the
physical and chemical properties of semiconductors at the micro
or sub-micro scale. For example, it is currently exploited for deter-
mining the crystallinity degree and the local crystal orientation of
thin ﬁlms and nano-structures, for strain characterizations, and
for local temperature detection in devices under operation.[3–5]
In the last years, micro-Raman spectroscopy has also been
tentatively used in the study of doping proﬁles in crystalline
semiconductors. O’Reilly et al. reported,[6] for Sb-implanted Si, a
correlation between Si Raman peak shift and peak carrier concen-
tration measured by differential Hall technique. By combining
micro-Raman spectroscopy with small-angle beveling prepara-
tion techniques, Becker et al.[7] found, in the framework of Fano
resonance theory, a rough linear relationship between the free
hole concentration and the reciprocal of the symmetry parameter
of Si Raman peak. Shortly after, Perova and coworkers,[8,9]
studying the structural damage in Ge wafers implanted with H
and He, obtained a correlation between Raman mapping
measurements on beveled samples and SRP analyses. Similar
studies were performed by Srnanek et al.[10,11] on doped GaAs-
based beveled structures. Most recently, we estimated the electri-
cally active dopant proﬁles in Al-implanted Ge still by combining
micro-Raman spectroscopy with small-angle beveling technique.[12]J. Raman Spectrosc. 2014, 45, 197–201These works suggest that micro-Raman spectroscopy could
provide a suitable approach, complementary to SRP, for dopant
proﬁle characterizations in crystalline semiconductors. Neverthe-
less, this technique is not currently employed for these purposes
because it is not yet reﬁned for quantitative characterizations
and, above all, because when combined with the beveling
method, it is destructive too, thus resulting not really advanta-
geous with respect to the SRP technique.
An alternative and non-destructive method to estimate the
carrier concentration proﬁles in Ge-implanted samples consists
in carrying out micro-Raman spectroscopy measurements under
excitation of different laser wavelengths. In fact, in the visible
region, crystalline Ge has an optical absorption length much
lower than that of crystalline Si, ranging from about 10 to about
150 nm.[13] Therefore, by using different excitation wavelengths,
we can study the vibrational dynamics of Ge-implanted samples
at different depths beneath the sample surface, avoiding to bevel
it. This non-destructive approach, combined with a reverse
Monte Carlo ﬁtting procedure, was recently exploited by us to
estimate the carrier concentration proﬁles in Al-implanted Ge
samples.[14] In this work, we aim to apply a similar procedure inCopyright © 2014 John Wiley & Sons, Ltd.
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8B-implanted Ge samples to check and, in the meanwhile, to
improve our method. Moreover, it should be pointed out
that the technological interest for B-doped Ge is actually stronger
that for Al-doped Ge, so that our present manuscript might
match even more relevant interest within the related scientiﬁc
community.2.8x1015 B/cm2
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Figure 1. Raman spectra in pure Ge (top panel), here used as reference,
and in B-implanted Ge samples with ﬂuence of 2.8 × 1015 B/cm2 (middle
panel) and 7.6 × 1015 B/cm2 (bottom panel) recorded under excitation
laser line 488.0, 568.2, and 647.1 nm (blue, black, and red solid lines,
respectively). The vertical scale in the middle and bottom panels is
magniﬁed two times to show the Ge–Ge peak at ~300 cm1. In the insets,
the vertical scale is magniﬁed 50 times to show the B–Ge Raman peak at
~545 cm1. The band between 540 and 600 cm1 is due to the second-
order Raman spectrum of Ge.[18] The spectra are normalized to the area
of the Ge–Ge peak at ~300 cm1. This ﬁgure is available in colour online
at wileyonlinelibrary.com/journal/jrsExperimental
Ge Czochralski wafers, (100)-oriented, n-type (Sb-doped with a re-
sistivity higher than 40Ωcm, i.e. <1014 Sb/cm3) were implanted
at liquid nitrogen temperature with B ions at 35 KeV at different
ﬂuences: 2.8 × 1015 B/cm2 (low ﬂuence) and 7.6 × 1015 B/cm2
(high ﬂuence) and then annealed at 360 °C for 1 h in N2 atm to
induce a complete regrowth of the Ge matrix by solid-phase
epitaxy and a very high incorporation of B in substitutional sites
(~100% of the implanted B). Consequently, the carrier concentra-
tion proﬁles of our samples have been derived from the combi-
nation of Hall measurements and strain proﬁles obtained by
high-resolution X-ray diffraction.[15,16] We would point out that
to prepare B-implanted Ge samples with these properties is far
from trivial. Anyhow, the number of samples here prepared is
sufﬁcient to validate the reliability of our method, also thanks
to the large number of laser excitation wavelengths used in the
succeeding text.
Room-temperature polarized micro-Raman measurements
were carried out in the usual backscattering geometry by means
of a triple monochromator (Horiba-Jobin Yvon, model T64000),
equipped with holographic gratings having 1800 lines/mm, and
set in double subtractive/single conﬁguration. After the ﬁltering
by the fore double monochromator, the scattered radiation was
detected at the spectrometer output by a multichannel charge-
coupled-device detector, with 1024 × 256 pixels, cooled by liquid
nitrogen. The spectra were excited by the 488.0, 514.5, 568.2, and
647.1 nm line of a mixed Ar–Kr gas laser and by the 632.8 nm line
of a mixed He–Ne gas laser. The laser beams were focused onto a
spot of ~2μm in size through the lens of a 100× microscope ob-
jective with numerical aperture N.A. = 0.90. To avoid thermal
heating, the laser power on the sample surface was kept well be-
low 15mW (depending on the laser wavelength). The spectral
resolution was, for all the excitation wavelengths, better than
0.6 cm1/pixel. All the spectra were calibrated in wavenumber
using some emission lines of a Ne spectral lamp assumed as
reference. In order to maximize the intensity of both B–Ge and
Ge–Ge Raman peaks, all the Raman spectra were recorded in
crossed XY polarization (X and Y electric ﬁeld directions, respec-
tively, of incident and scattered light) aligning the X-direction
along the [100] crystallographic axis of the sample (for more
details, see the study of Sanson et al.[17]). For each laser excitation
line, repeated micro-Raman measurements were performed from
different regions of the sample surface, and the spectra showed a
very good reproducibility.Results and discussion
B–Ge Raman peak and optical absorption length calibration
Selected Raman spectra from our B-implanted Ge samples,
carried out in crossed polarization under excitation by three
different laser lines, are shown in Fig. 1. The corresponding Raman
spectra of pure Ge wafer are also reported for comparison.wileyonlinelibrary.com/journal/jrs Copyright © 2014 JohnThe Raman spectra show a very intense peak at about
300 cm1, due to the scattering from the expected optical
phonon-modes of germanium with F2g symmetry, and a much
weaker peak at ~545 cm1, whose intensity changes with the B
ions ﬂuence and laser wavelength. Similarly to our previous
Raman studies in Al-implanted Ge,[12,14] this last peak can be
assigned to the local vibrational mode of B atoms in substitu-
tional sites. In fact, using the simpliﬁed mass-defect secular equa-
tion,[19,20] the wavenumber of the vibrational local mode of a
substitutional B atom in Ge is estimated to be ~520 cm1,
therefore, taking into account that this simple model assumes
that the force constants are the same for the B–Ge and Ge–Ge
pairs, close to our experimental wavenumber. Moreover, we haveWiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 197–201
Table 1. Optical absorption length L(λi) (in nm) calculated by using
the absorption coefﬁcient α given in the study of Aspnes and
Studna[13] for pure Ge (column a) and calibrated in this work for
B-implanted Ge (column (b))
λi L(λi) (a) L(λi) (b)
488.0 16.5 22.4
514.5 17.2 26.0
568.2 25.2 43.7
632.8 72.6 64.9
647.1 85.0 66.5
Figure 2. Intensity of the B–Ge Raman peak plotted versus the density of
substitutional B atoms probed by Raman, estimated by the strain proﬁles
given in the study of Bisognin et al.[15] and using the optical absorption
length L(λi) a) calculated by using the absorption coefﬁcient α reported
in the study of Aspnes and Studna[13] for pure Ge (top panel) b) calibrated
in this work for B-implanted Ge (bottom panel).
A non-destructive approach for doping proﬁles characterization by micro-Raman spectroscopychecked, by proper polarized micro-Raman measurements, that
the Raman peak at ~545 cm1 obeys the same polarization selec-
tion rules as the Ge–Ge peak at ~300 cm1. Then, because the lo-
cal symmetry is preserved, we can deﬁnitively conclude that the
peak at ~545 cm1 is directly related to the local vibrational
mode of substitutional B atoms. This conclusion is supported by
the recent work of Fukata et al., where the Raman peak observed
at ~544 cm1 was assigned to the B local vibrations in Ge
nanowires.[21]
On the basis of this last ﬁnding, with PB(x) indicating the con-
centration of substitutional B atoms (B/cm3) at depth x beneath
the sample surface, the integrated intensity of the B–Ge Raman
peak at ~545 cm1 given at the laser wavelength λi should be
proportional to the integral
I λið Þ ¼
Z ∞
0
PB xð Þexp 2x=L λið Þ½ dx (1)
where L(λi) indicates the corresponding optical absorption
length,* and the term exp[2x/L(λi)] takes account of the optical
absorption of both incident and scattered light.† In a ﬁrst step,
we have used for L(λi) the values calculated by using the absorp-
tion coefﬁcient α reported in the study of Aspnes and Studna[13]
for pure Ge, listed in the column (a) of Table 1. Hence, for each
sample and laser wavelength, the integral (1) has been calculated
taking, as PB(x) distribution, the substitutional B concentration
proﬁles determined from the strain proﬁles reported in the study
of Bisognin et al.[15] Afterwards, the integrated intensity of the B–
Ge Raman peak, evaluated as the area of the peak at ~545 cm1
(after subtracting straight line between ~530 and 555 cm1)
normalized to the area of the nearby Ge–Ge Raman peak, has
been plotted against the values for the integral (1), as displayed
in the top panel Fig. 2.
Contrary to what expected, this ﬁgure shows a deviation of the
calculated values from the linear behavior. Because this deviation
is very similar in the two samples, we can infer that it might be
due to the wrong values assigned for L(λi). Accordingly, for each
laser wavelength, the values of L(λi) have been calibrated in order
to obtain a linear relationship between B–Ge Raman peak
intensity and integral (1), as it is shown in the bottom panel of
Fig. 2. In the following of this paper, these calibrated values for
L(λi), listed in column (b) of Table 1, will be used for the analysis
of the Ge–Ge Raman peak and in the subsequent reconstruction
of the B-doping proﬁles. The same values could also be adopted
for any type of B implantation in Ge. We would point out that the
regular trend obtained for the Ge–Ge Raman peak in the follow-
ing section (Fig. 3) validates the soundness of the L(λi) calibration
here performed.
Ge–Ge Raman peak and doping proﬁle simulation
After the calibration of the optical absorption length by the
intensity of the B–Ge Raman peak, we now focus on the Ge–Ge
Raman band peaked at ~300 cm1.*With the term ‘optical absorption length’, we refer here to the inverse of the
absorption coefﬁcient α (see Aspnes and Studna[13]), i.e., L(λi) = 1/α(λi) is the
depth in which the light intensity at the wavelength λi is attenuated by a
factor 1/e.
†We specify that L is an ‘effective value’: with Li and Ls indicating, respectively,
the optical absorption length of the incident and scattered light (i.e., Stokes
shifted Raman scattering at ~545 cm
1
), the exponential term in Eq. 1 is exp
[x/Li]  exp[x/Ls] = exp[2x/L], where L=2LiLs/(Li+ Ls)
J. Raman Spectrosc. 2014, 45, 197–201 Copyright © 2014 JohnFigure 3 shows its average position, full width at half maximum
(FWHM), and skew parameter (which measures the peak asym-
metry), all calculated‡ compared with the Raman spectra of pure
Ge recorded under the same excitation wavelength, plotted as a
function of integral (1). This integral was calculated, for each
sample and excitation wavelength, using as PB(x) distribution
the corresponding concentration proﬁle of substitutional B atoms
derived from Bisognin et al.[15]‡In the calculation of the average position, FWHM, and skew parameter, with
respect to pure Ge, it is important to maintain the same spectral range for pure
Ge and B-implanted samples (in the present case, 260–340 cm
1
)
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 3. Average position, full width at half maximum and skew parame-
ter (top, middle, and bottom panels, respectively) of the Ge–Ge Raman peak
at ~300 cm1 in B-implanted Ge samples, calculated with respect to pure Ge
and plotted against the density of substitutional B atoms probed by Raman,
which has been estimated by the strain proﬁles given in the study of
Bisognin et al.[15] and by using the calibrated optical absorption length L
(λi) for B-implanted Ge listed in the column (b) of Table 1. The solid lines
are the average functions used in the ﬁtting procedure (see text).
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Figure 4. C concentration obtained with a ﬂat PB(x) distribution in low
and high dose samples (open and solid circles, respectively), plotted as
a function of dmax (see text).
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0
0The ﬁgure reveals the presence of a sharp correlation between
the spectral features of the Ge–Ge Raman peak and the content
of substitutional B atoms, directly related to the amount of elec-
trically active carriers. On the other hand, it is well known that for
high doping levels, the ﬁrst-order Raman spectra can be heavily
affected by the carrier concentration.[22] Other possible effects,
either due to phonon conﬁnement or to the presence of strain,
can be neglected in the present case. In fact, in our implanted
samples, Ge nanocrystalline domains or cluster formation can be
ruled out, whereas the lattice strain, whose maximum value doeswileyonlinelibrary.com/journal/jrs Copyright © 2014 Johnnot exceed ~0.17%,[15] gives a Raman peak shift largely lower than
1 cm1, i.e. negligible.[23] Therefore, the regular change in shape
of the Ge–Ge Raman peak evident from Fig. 3 can be exploited
to obtain information on the carrier concentration proﬁles.
To this aim, the experimental data shown in the middle and
bottom panel of Fig. 3 were ﬁtted to obtain the average functions
for the FWHM and skew parameter, labeled as gσ and gβ, respec-
tively (solid lines in Fig. 3). Such as in the case of Al-implanted
Ge,[14] the average peak position is not here considered because
it could be more affected by uncertainties (typically ~1 cm1)
because of the spectra alignment. Afterward, for each laser exci-
tation wavelengths λi (in this work is i= 1,..,5), we have calculated
the integral (1) starting from an arbitrary (ﬂat) PB(x) distribution.
Therefore, the quantities gσ[I(λi)] and gβ[I(λi)] [(I(λi) is deﬁned in
Eqn 1)] are an estimation of the FWHM and skew parameter of
the Ge–Ge Raman peak, respectively, for the given PB(x) distribu-
tion probed with the i-th laser line. Then, by using a Monte Carlo
ﬁtting procedure, PB(x) is randomly varied to optimize, for each
laser wavelength, the match between the estimated and the
experimental values for both FWHM and skew parameter, i.e. to
minimize the quantity:
X5
i¼1
gσ I λið Þ½   σ ij j þ jgβ I λið Þ½   βij (2)
where σi and βi are, respectively, the experimental FWHM and
skew parameter measured with the i-th laser line.
It is important to highlight that, in the ﬁtting procedure, the
PB(x) distribution must be limited to a ﬁnite interval [0, dmax],
where dmax is the maximum depth from which the Raman signal
is still signiﬁcant. The ﬁnal result for PB(x) can be inﬂuenced from
the imposed value of dmax. Indeed, if dmax is too large, PB(x) can
be wrong at the greatest depths (i.e. where the outgoing Raman
signal is negligible), and, as a consequence, PB(x) is adversely
affected at lower depths. On the contrary, if dmax is too small,
the ﬁnal PB(x) is overestimated to compensate the Raman signal
coming from the deeper layers now omitted. Therefore, a reliable
estimation of dmax is important to obtain a reliable PB(x) distribu-
tion. This was made as follows.
A series of ﬁts were performed for different values of dmax using
a ﬂat PB(x) distribution, i.e. PB(x) = C for x ∈ [0,dmax] and 0 otherwise.
From Fig. 4, it can be observed that the dependence on dmax ofWiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 197–201
Figure 5. B-doping proﬁles obtained from strain proﬁles of Bisognin
et al.[15] (black lines) and simulated proﬁles obtained in this work from
the Ge–Ge Raman peak (red lines). This ﬁgure is available in colour online
at wileyonlinelibrary.com/journal/jrs
A non-destructive approach for doping proﬁles characterization by micro-Raman spectroscopythe resulting concentration C can be neglected above ~80 nm for
the low dose sample and above ~130 nm for the high dose sam-
ple. Hence, no signiﬁcant Raman signal is coming out beyond
these depths, and, accordingly, we assume such limits for dmax
in the PB(x) reconstruction.
Figure 5 displays the simulated PB(x) proﬁles obtained in both
samples here investigated. It can be observed that the carrier
proﬁles reconstructed from Raman spectroscopy agree very well
with the concentration proﬁles obtained from the strain analysis
of Bisognin et al.,[15] at least up to the values of dmax derived ear-
lier, corresponding to about one to two times the (longest) opti-
cal penetration length of the laser line at 647.1 nm.
On the basis of this striking agreement reported in Fig. 5, we
can conclude that micro-Raman spectroscopy under different
laser wavelengths could be reliably employed to determine the
carrier concentration proﬁles in Ge, i.e. the concentration proﬁles
of substitutional dopants, at least within the range of the maxi-
mum optical absorption length and for doping concentrations
of the order of ~1020 cm3.
Conclusions
In this paper, B-implanted Ge samples have been studied bymicro-
Raman spectroscopy under various excitation wavelengths, in or-
der to exploit their different optical penetration depths. In this
way, the vibrational dynamics of our implanted Ge samples have
been investigated at different depths beneath the sample surface.
By exploiting the intensity of the B–Ge Raman peak at
~545 cm1, directly related to the content of substitutional B
atoms, the optical absorption lengths have been calibrated forJ. Raman Spectrosc. 2014, 45, 197–201 Copyright © 2014 JohnB-implanted Ge. By using these calibrated values, a sharp correla-
tion between the spectral features of the Ge–Ge Raman peak at
~300 cm1 and the content of substitutional B atoms has been
observed. Hence, starting from the spectral features of the
Ge–Ge Raman peak, a non-destructive approach is shown to
determine the concentration proﬁles of substitutional B dopants,
namely, the carrier concentration proﬁles.
Further studies are mandatory to improve the reliability of the
method presented. Nevertheless, this work conﬁrms that micro-
Raman spectroscopy, under different excitation wavelengths,
can be employed as a non-destructive technique for quantitative
characterizations of dopant proﬁles in Ge.References
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